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We propose a network rebonding model for light-induced metastability in amorphous silicon, involving
bonding rearrangements of silicon and hydrogen atoms. Nonradiative recombination breaks weak silicon
bonds and generates dangling bond –floating bond pairs, with very low activation energies. The transient
floating bonds annihilate, generating local hydrogen motion. Charged defects are also found. Support for
these processes is found with tight-binding molecular dynamics simulations. The model accounts for ma-
jor experimental features of the Staebler-Wronski effect including electron-spin resonance data, the t1�3

kinetics of defect formation, two types of metastable dangling bonds, and hysteretic annealing.
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Hydrogenated amorphous silicon (a-Si:H), a material
with several technological applications, suffers from the
well-known light-induced degradation or the Staebler-
Wronski (SW) effect. Since its initial discovery [1], the
basic scientific understanding of light-induced degrada-
tion has been intensively studied [2]. In the SW effect,
illumination of the material generates metastable silicon
dangling bonds with midgap electronic states between
1016 1017 cm23 that degrade the transport properties and
decrease solar cell efficiencies. The metastable defects
can be annealed out at temperatures between 170 200 ±C.
Despite extensive experimental characterization, the
microscopic origin of the SW effect is still debated.

Since H motion becomes important near defect anneal-
ing temperatures, H motion has been associated with de-
fect annealing. A conclusive resolution of the atomistic
mechanisms of the SW effect will have far-reaching impli-
cations for improving the stability and efficiency of solar
cells and in resolving many conflicting experiments. The
understanding of metastability will be of fundamental im-
portance to glassy systems with light-induced changes.

Electron-spin resonance (ESR) of a-Si:H demonstrated
that the metastable dangling bonds (DBs) are separated
by 40 Å and are indistinguishable from the native DBs
[3,4]. Hence the simple breaking of a weak silicon bond
with two nearby DBs is not viable. Spin-echo measure-
ments indicate that no H atoms occur within a region of
�4 Å around the DB, i.e., an anticorrelation between DB
and H. Measurements [5–7] of mobility-lifetime (mt)
products infer multiple species of metastable defects with
different annealing energies and electron capture cross sec-
tions. Metastability has been observed at 4 K temperatures
[8]. Branz proposed the H-collision model [9], where the
breaking of Si-H bonds, and subsequent diffusion and col-
lision of H, leads to isolated silicon DBs. We propose a
distinct new model of the SW effect that unifies several
puzzling observations and has rearrangements of the Si
2-1 0031-9007�02�88(20)�205502(4)$20.00
network as the essential ingredient. This model has analo-
gies to the H-collision model.

We propose that metastability occurs in three steps:
(i) Illumination creates photoexcited electrons and holes.
Nonradiative recombination of e-h pairs can break a weak
silicon bond and generate a dangling bond–floating bond
(FB) pair, analogous to a vacancy-interstitial pair in c-Si.
(ii) The mobile FB diffuses away from the location of the
DB. (iii) Migrating FBs recombine or annihilate, accom-
panied by local H rearrangement. Weak silicon bonds are
then broken and DBs are created at spatially separated parts
of the network. Our detailed calculations support the ear-
lier proposals of Pantelides [10] on the bond-breaking step
and formation of FBs. However, our final results for the
metastable state are very different.

We find that nonradiative recombination of an e-h pair
can break a weak silicon bond. A weak silicon bond (c-d
in Fig. 1) can stretch and create a dangling bond on site
c. Site d forms a new bond with site x (d-x). Site x
is now five-coordinated but d remains four-coordinated.
The Frenkel pair of DB and FB is separated by more than
4 Å and stabilized, �Sic 2 Sid 1 Six 2 Siy ! Si�c 1

Si4d—Si5x 2 Siy�. The energy barrier to break the weak Si
bond has a low value of �0.85 eV for the ground state of
the electronic system [Fig. 1c], similar to the measured
activation energy for defect creation [11]. This barrier is
much lower than the �2 eV to break a silicon bond, since
the energy cost in breaking bond c-d is compensated
by the energy gain in simultaneously forming bond d-x.
Calculations utilized tight-binding molecular dynamics
that has been very successful for a-Si:H [12].

Nonradiative e-h recombination provides a very low en-
ergy path for bond breaking. A weak bond (WB) (e.g.,
c-d) can easily trap a hole in a band-tail state. A mobile
photoexcited electron can be trapped in the vicinity of this
hole. The energy barrier for bond breaking in this excited
e-h (exciton) state is remarkably lowered to �0.35 eV
© 2002 The American Physical Society 205502-1
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FIG. 1. (a) Portion of a 238 atom a-Si:H cell showing a weak
bond (2.62 Å) between atoms c-d. (b) The weak bond has
broken, a dangling bond on c and a new bond d-x is cre-
ated resulting in a floating bond (five-coordinated atom) at x.
(c) Calculated total energy as a function of the bond length for
the ground state (circles) and e-h pair excited state (squares).
(d) The variation in the electronic energy levels in the gap re-
gion when the WB is broken and the DB-FB pair is formed. A
doubly filled valence band level (circles) is also shown.

[Fig. 1c] due to the crossing of electronic levels in the gap
[Fig. 1d]. A thorough search in the configuration space
may reduce the energy barrier further.

In the excited state, a hole is initially trapped in the
bonding level of the WB and an electron occupies the anti-
bonding level in the conduction band [left side of Fig. 1d].
As the weak bond stretches, the antibonding level lowers in
the gap, reducing the barrier similar to a recent calculation
[13]. As the WB breaks, the levels cross and both electrons
switch to the lower FB level in the valence band tail in the
final state [right side of Fig. 1d]. The metastable DB-FB
pair has an energy within �0.2 eV of the initial weak bond
state, confirming the earlier proposals on FBs [10,14].

In our models, stretched or distorted Si bonds do not
occur in the proximity of a H atom, since the reduced
structural constraints at a Si-H site allow the network to
be locally more relaxed. Si atoms with large bond-length
or bond-angle deviations are a third or farther neighbor
from any H. Breaking such WBs produces DBs that
are anticorrelated with H and .4 Å away from H.
205502-2
This is a natural explanation of the spin-echo measure-
ments [3,4].

We observed several occurrences of weak silicon bond
breaking and generation of DB-FB pairs (Fig. 2), where
the initial state had no coordination defects. The energy of
the final DB-FB final state and the ground state energy bar-
rier [15] decreases with the Si-bond length (Fig. 2). Sta-
tistically, bond lengths elongated more than �0.25 Å are
needed for this process to be energetically favorable. Ad-
ditionally, adequate volume must be available around the
weak bond for the Frenkel pair to be spatially separated.

The second step in defect creation is the migration of the
FB. If the created DB and FB recombine, no defects are
created. The time for the FB to hop to the next site provides
an additional time scale for defect creation. Migration of
FBs involves the switching of a bond, without the diffu-
sion of Si atoms. We observed such FB migration events
in molecular dynamics simulations on a-Si:H. Atomic
displacements during this FB migration process range be-
tween 0.2 0.9 Å, far less than displacements (.2 Å) for
atomic diffusion.

As mobile FBs migrate the common process is anni-
hilation, where a FB can recombine with an existing Si
DB, converting it to a four-coordinated site �Si3 1 Si5 !
Si4—Si4�. The frequent FB annihilation process occurs
when a migrating FB is close to one of the abundant
SiH bonds in the network [Fig. 3(a)]. The H moves into
the FB site, converting it to a four-coordinated site and
a new SiH bond [Fig. 3(b)]. A secondary DB (Si�c) can
be left behind at the original SiH site, represented by
Si5—Si4 1 SicH ! Si4 1 Si-H 1 Si�c. The FB need not
be the nearest neighbor of the SiH. We find several con-
figurations where the H can undergo a local motion to the
FB site, resulting in a distance between the DB (Si�c or site
54 in Fig. 3) and the H of more than 4 5 Å, consistent
with the ESR data. We have found several final configura-
tions with two spatially separated DBs, where the energy
difference of the initial and final configuration (e.g., Fig. 3)
is less than 0.5 eV. The local motion and rebonding of the
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FIG. 2. Calculated energy barrier (circles) and energy of DB-
FB configuration (diamonds) and energy barrier (circles) for
weak bond breaking, relative to the initial weak bond configu-
ration, as a function of the weak silicon bond length. Dashed
best-fit lines are a visual guide.
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FIG. 3. (a) Initial configuration in a 241 atom a-Si:H cell
showing a FB at site 72 close to a SiH bond. (b) The H moves
and bonds to 73, converting 72 to a four-coordinated site. Sili-
con 54 is a dangling bond. Not all bonds of the boundary atoms
are shown.

H distinctly differs from long-range H motion in the H-
collision model [9]. A weaker annihilation channel is when
two migrating FBs are in close proximity and annihilate
�Si5—Si5 ! Si4 1 Si4�.

The kinetics of defect formation is governed by the
competition between the densities of WBs (Nw), DBs
(Ndb), and FBs (Nf ). Similar to previous models [2],
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FIG. 4. Increase of the metastable dangling bond density (solid
line) from integration of rate equations, showing the comparison
with t1�3 power law (dashed line), and saturation at long times.
The density of FBs Nf (dotted line) and displaced H atoms Nm
is also shown.
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we assume that the breaking of weak Si bonds and the
consequent production of DBs are controlled by the recom-
bination of e-h pairs or the np product at room tempera-
ture. Since n � p � G�Ndb, WBs are broken at a rate
kw�G2�N2

db� Nw (kw is a rate constant), and the DBs are
produced (dNdb�dt) at the same rate. This immediately
leads to the well-known N � kwG2�3t1�3 kinetics of DB
creation [2]. To connect atomistic results to the continuum
case we develop rate equations with additional processes.
Diffusing FBs recombine with DBs with a rate krNdbNf ,
which decreases Ndb and Nf but increases Nw . Two dif-
fusing FBs may recombine with a rate 2kfN2

f , and produce
new weak bonds at a rate kfN2

f . The FB-H annihilation is
proportional to the H density NH through C1NfNH . The
resulting rate equations are

dNw

dt
� 2

kwG2Nw

N2
db

1 krNdbNf 1 kfN2
f , (1)

dNdb

dt
�

kwG2Nw

N2
db

2 krNdbNf 1 C1NfNH 2 D0NmG ,

(2)

dNf

dt
�

kwG2Nw

N2
db

2 krNdbNf 2 2kfN 2
f 2 C1NfNH

1 D0NmG , (3)

dNm

dt
� C1NfNH 2 D0NmG . (4)

We also include a light-induced annealing term
(D0NmG) proportional to the light intensity (G) and a
subsidiary equation describing the density of locally dis-
placed H (Nm). These rate equations are mathematically
similar to the H-collision model [9] since FBs are the
analog of mobile H. We have numerically integrated these
rate equations with a fourth order Runge-Kutta algorithm.
The kinetics of DB formation is very well described by
a t1�3 power law. As in experiment [16] the DB density
saturates at long times (Fig. 4) between 1016 1017 cm23,
with a value dependent on the light intensity. The FB
density initially rises, then falls as the recombination
with H becomes significant and Nf finally saturates near
1015 cm23, much smaller than the DB density, similar to
alternative FB models [14].

The rate coefficients used (Table I) were guided by
previous simulations [9] and experiments [2]. The product
kwNw is the SW rate constant Csw that has been experi-
mentally estimated [9] to range between 10 100 cm23 s.

TABLE I. The values of the rate constants in the kinetic
equations.

Value Value

kwNw 100 cm23 s G 1 3 1021 cm23 s21 (1 sun)
kw 5 3 10221 s D0 5 3 10224 cm3 s21

Nw 2 3 10119 cm23 C1 1 3 10223 cm3 s21

kr 8 3 10221 cm3 s21 NH 5 3 1021 cm23 (10% H)
kf 8 3 10221 cm3 s21
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kr and kf are equal so that the creation term kwG2Nw

N2
db

is
3–4 orders larger than the recombination term krNdbNf

initially (Ndb, Nf � 1015 cm23). This contrains 4 3

10221 , kr , 2 3 10220 cm23 s, and early time kinetics
is dominated by the creation term. C1 is chosen to be
substantially smaller than kr , reflecting the expected
smaller cross section in displacing H to eliminate FB’s.
However, the large density of H leads to a numerically
large value of C1NfNH which is counterbalanced by
D0NmG, setting the value of D0. If only C1 is reduced,
the FB annihilation is reduced and the saturated value of
Nf increases. However, if both the coupled variables C1
and D0 are reduced by the same factor, similar solutions
as in Fig. 3 are obtained. The qualitative kinetics is robust
to small changes of the parameters.

Metastable midgap electronic states arise from the large
neutral DB density (D0), �1016 1017 cm23� and not from
the FBs. We find that FBs have filled levels in the va-
lence band, which are doubly occupied and do not con-
tribute to midgap states or the ESR signal. There can be
a small residual density of FB (1015 cm23) in the light-
soaked state. Because of charge neutrality, the FBs re-
move charge from DB states, creating an equal number
of positively charged DBs (D1) (�1015 cm23)— as sug-
gested by Stradins et al. [7]. D1 defects have a large elec-
tron capture cross section acting as primary recombination
centers, and cause large changes in the mt product. The
degraded state has a large density of D0 and a small but
equal density of D1 and negatively charged FBs, support-
ing observations of charged defects [6]. The D0 and D1

may be identified with the two types of defects inferred
in recent mt experiments [5–7]. The steady state defect
density and the optical absorption (a) are then dominated
by the neutral DB (D0) (Fig. 3).

We propose that the hysteresis in defect annealing arises
from a novel two-step mechanism. First, DBs become mo-
bile at the lower annealing temperature. Negative FBs2

diffuse and annihilate with D1 defects. Annealing of
charged defects creates a small decrease in the total defect
density or absorption a, but creates a large increase in mt,
explaining the first part of the observed annealing. Second,
at a slightly higher temperature, the displaced H begin to
diffuse and reduce the remaining large density of neutral
DBs, substantially reducing a but only slightly decreasing
mt. This model consistently describes, for the first time,
the hysteresis of the anneal and the multiple species of de-
fects. Our simulations suggest a lower energy barrier for
FB migration than for H motion, and activated computa-
tional methods [17] may be necessary for quantification.

At low temperatures (T � 4 K), where the SW effect
is still observed [8], FB mobility and the FB-H interaction
may be small (reduced C1). The kinetics from (1)–(4)
lead to larger values of saturated FB densities ��2 7� 3

1015 cm23� than in Fig. 3, together with a small decrease
in Nsat

db . We then predict a larger density of charged DBs
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(D1) , coupled with FB2 at low temperature, which would
be different from room-temperature light soaking.

In summary, metastable defect creation is driven by the
breaking of weak silicon bonds and the rebonding of both
silicon and H sites. FBs are a transient defect species
in this model that should be inhibited in better-ordered
samples. Long-range H motion is not required in the defect
creation process although it is involved in annealing. This
mechanism should be valid in other amorphous semicon-
ductors, where overcoordinated defects can exist, such as
amorphous germanium or a-SiGe alloys. This new model
provides a platform for unifying many unresolved obser-
vations of light-induced degradation in amorphous and mi-
crocrystalline silicon including charged defects.
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